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GENERAL CONSIDERATION FOR A TIffiORY ON EDDY CURRENTS 
TESTING [1] 
The impedance Z of a solenoid with a conducting piece near it when capacity effects 
are neglected is Z = R + jeoL with 
R = Re _ N (J) <1>0 sinep 
10 
L _ N (J) <1>0 coscp 
- 10 
(1) 
(2) 
where Re is the resistance of the wire of the coil, N is the number of single turns of the 
coil, Cl>o is the amplitude of the mean magnetic flux crossing the coil, 10 is the amplitude of 
the current I circulating in the coil, eo is the pulsation of the current and <p is the phase of 
the flux relative to the current. 
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Fig. 1. A long solenoid (length I and radius rs) encercling a long cylindrical bar 
(radius rb) made of a conducting material 
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APPLICATION TO A LONG SOLENOID ENCIRCLING A LONG CYLINDRICAL 
PRODUCT 
Let us use the general formulae (1) and (2) in the case of a long solenoid encircling a 
long cylindrical bar made out of conducting material (fig. 1). 
Let S be the cross-section of the solenoid with a radius rs and Sb the cross-section of the 
cylindrical bar with a radius rb' 
In empty space, a cylindrical sheet of current of any cross-section and much longer 
than its diameter (fig. 1), materialized by a long solenoid of length I with N single turns 
with a current 10 expGrot) passing through it, induces a magnetic induction equal to 110 
NIJl at all points inside its cross-section. This induction is axial and its direction is given 
by the law of the corkscrew. Outside, the magnetic induction is equal to zero, at least 
when the solenoid is irumitely long. 
The total flux <I> in the coil is the sum of the flux <l>a in the section between the coil 
and the bar and the flux <i>b in the section of the bar : 
(3) 
The magnetic flux <l>a is in phase with the current and equal to 
N . . 
<l>a = 110 T 10 elrot (S-Sb) = <l>ao elrot (4) 
The expression of the magnetic flux <l>b inside the bar is deduced from Maxwell's 
equations. The induction B inside an isotropic, continuous, conducting and non-
hysteresic material is governed by a formula deduced from Maxwell's equations and the 
differential law of Ohm. This formula is 
~ ~ ~ 
~B -jk2B = 0 (5) 
where ~ is the Laplacian operator and k2 = l1oro where I.l is the permeability of the test 
piece, (j the conductivity of the test piece, ro = 27tf the pulsation. 
In the special case of a long solenoid with an alternating current I passing through it 
and encircling a cylindrical test piece, the induction in the part is axial and formula (5) 
becomes (in cylindrical coordinates) 
a2B(r) + 1 aB(r) _ jk2B(r) = 0 
ar2 r ar (6) 
with as solution for this special case 
(7) 
where Mo(kr) is the module of Jo, the Kelvin Bessel functions of 1st kind of order 0, 
eo(kr) is the argument of Jo, the Kelvin Bessel function of 1st kind of order O. 
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The flux <l>b inside the bar is then equal to 
rb 
<I>b = 27t f B(r)rdr 
o 
(8) 
N1rb . 
<I>b = 21t 11 T k (u-Jv) (9) 
with 
Ml(lcrb) . 
u = Mo(krb) sm(81(krb)-80(lcrb) - 1t/4) (10) 
Ml(krb) 
v = Mo(krb) COS(81(krb)-8o(krb) - 1t/4) (11) 
where M 1 (kr) is the module of J 1 ' the Kelvin Bessel function of 1st kind of order 1, 
91 (kr) is the argument of J 1, the Kelvin Bessel function of the 1st kind of order 1. For 
{2 
krb ~ 100, we have u = v = 2"" (see table 1). 
The total flux in the coil is equal to 
(12) 
By equating the real parts and the imaginary parts we obtain 
(13) 
(14) 
Equation (13) indicates that the amplitude of the part of the flux in the coil in phase 
with the current is the sum of <\lao and %opha the part of the flux in the bar in phase with 
the current whose amplitude is equal to 
N !:b. 
<l>bopha = 21t T 10 11 k u 
krb 
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(15) 
Table 1 
v u/v I 
0 00 
0,0608 8,058 
0,3449 2,244 
0,5399 1,386 
0,5842 1,222 
0,6040 1,175 
0,6211 1,143 
0,6339 1,119 
0,6459 1,097 
0,6511 1,088 
0,6562 1,079 
0,6619 1,068 
0,6971 1,014 
0,7021 1,007 
0,7071 1,000 
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Equation (14) indicates that the amplitude of the part of the flux in the coil in 
quadrature with the current is only due to the part of the flux in the bar %oqua which is in 
quadrature with the current and whose amplitude is equal to 
N rb 
<i>boqua = 21t T 10 Il k v (16) 
The defmitions of %opha and %oqua give the physical interpretation of the ratio u/v. 
Thus we have: 
<i>oopha =!:!. 
%oqua v 
From the expression of the flux the equations (1) and (2) become: 
R - Re = ro ~ <i>boqua = 21t ~ ro Il ~ v 
N2 N2 rb 
roL = Ilo -1 ro(S-Sb) + 21t -1 ro Il k u 
N 
roL = ro 10 <Pao 
N 
+ ro 10 </>oopha 
(17) 
(18) 
(19) 
(19') 
To obtain results independant of N and 1 we will use the normalized impedance 
which is 
(20) 
with 
N2 N 
roLe = Ilo -1- ro S = ro I; <Peo (21) 
where Le is the inductance when the solenoid is empty and «Peo the amplitude of the mean 
flux when the solenoid is empty. We then obtain : 
R - Re rb 
--- = 2 v Ilr--
roLe ~ k 
s 
roL S" r" 
-= 1- =<+ 2 u JlT--"-
roLe S ~ k 
s 
(22) 
(23) 
If we combine equations (22) and (23) so as to eliminate their common part, we obtain 
(24) 
Writing the formula (24) as : 
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shows us that the combination in fonnula (24) of the two experimental values 
roL and R - Re with !!. is such that the fluxs in the bar is eliminated. 
roLe roLe v 
EXPERIMENTAL VERIFICATION 
(25) 
We used three solenoids in the experiments. They each have one layer only, and 
table 2 gives their specifications. 
Fonnula (24) must be corrected by a factor ~ introduced to take into account the fact 
that the length of the coil is not infinite. Fonnula (24) becomes 
(26) 
with 
(27) 
All the following results have been calculated from fonnulae (26) and (27) in an 
iterative way, the experimental values Re and Le are given by the impedancemeter 
(connected to the terminals of the solenoid) when the solenoid is empty, and Rand L 
when there is a test piece inside the solenoid. 
Table 2 
Name Number single of Length I Diameter 2rs I turns rnrn mm 
Solenoid 328 328 328,5 32,1 
Solenoid 1060 1060 158 16,17 
Solenoid 653 653 97,7 2,329 
Non ferromagnetic materials 
Table 3 shows the results of an experiment on aluminium bars with a circular cross-
section. The results are therefore given as diameters. The first column gives the real 
diameter D of each aluminium bar and the second column the calculated diameter Dc 
according to fonnula (26) applied to the case of circular cross-sections. The third column 
gives the difference between the first two. 
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Table 3 
Frequency : 105 Hz, solenoid 328 
All values in Microns I 
Real Computed Difference Difference I 
DiameterD Diameter Dc D-Dc 
25174 25194 -20 +4 
25083 25112 -29 -5 
24984 25008 -24 0 
24864 24886 -22 +2 
24768 24784 -16 +8 
24683 24699 -16 +8 
Table 4 
Frequency: 105 Hz : Solenoid 328 
Material Section Full Section Comput. Full S-Sc 
S section Sc S 
shape mm2 mm2 x 100 
Aluminium tube 494,02 493,41 +0,12 
Copper tube 490,87 491,80 -0,19 
Copper tube 284,42 285,03 -0,21 
Copper tube 200,30 199,62 +0,33 
Copper square 300,00 299,42 +0,19 
Copper half circ. 156,45 153,81 +1,68 
Copper hexagon 124,69 120,89 +3,04 
The accuracy is already quite high. By choosing the third bar as a reference bar, 
which means considering the -24 micron as a constant error for all experiments, we can 
reduce the third column into the fourth. Working with a reference bar allows to obtain an 
accuracy of about 8 micron. Another experiment shows (table 4) the good results 
obtained with formula (26) for other cross sections. The relatively poor results of the 
hexagonal bar are due to its low fill factor (Si/S) . 
Table 5 gives the results of two experiments on the same set of copper wires (small 
diameter) carried out at two different times. 
Real Dia. D 
900.00 
1175,5 
1196,0 
1343,5 
1378,5 
1496,5 
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Table 5 
Frequency: 106 Hz : Solenoid 653 
All values in microns 
Series 1 Series 2 
Comput.D D-Dc Comput. D D-Dc 
888,4 -t-11,6 889,15 -t-10,8 
1172,7 + 2,8 1173,4 + 2,1 
1196,2 - 0,2 1195,9 + 0,1 
1345,0 - 1,5 1345,1 - 1,6 
1380,9 - 2,4 1380,9 - 2,4 
1500,3 - 3,8 1500,2 - 3,7 
Diff. 
Sl - S2 
0,75 
-0,7 
+0,3 
-0,1 
0 
+0,1 
The accuracy is high. The relatively poor result of the 0,9 mm diameter is again due 
to the low fill-factor. The last column (difference between the two measurements) shows 
the very high reproductibility of the measurement. 
Ferromagnetic materials 
Formula (5) was established under the assumption that the material exhibits no 
hysteresis. Therefore the results obtained for ferromagnetic materials are not very 
accurate and they have a low reproductibility. Good results are obtained when the 
measure is taken when the ferromagnetic piece is highly magnetized. Therefore the 
solenoid is coaxialy placed inside a big magnetizing coil. Table 6 shows the results for 
steel bars with a circular cross section. The accuracy and the reproductibility are 
comparable to that of the non-ferromagnetic materials. The very irregular difference of the 
third column is a typical feature for ferromagnetic materials. Without magnetization the 
difference is also very irregular but about ten times larger. 
The same comment can be made for the last experiment (table 7) on small iron 
wires. We suspect a small crack in the second wire (D = 1092~) which would be the 
cause of the poor result. 
RealDia.D 
13250 
13000 
12750 
12250 
12000 
11750 
11550 
11250 
11000 
RealDia.D 
993 
1092 
1189,5 
1293,5 
1390 
1496,5 
1597 
Table 6 
Frequency: 105 Hz, solenoid 1060 
Magnetisation field: 40000 Nm 
All values in microns 
Series 1 Series 2 
Comput. D 
13219,2 
13025,1 
12742,6 
12244,5 
12016,5 
11739,1 
11522,7 
11279,5 
11014,6 
D-Dc Comput. D D-Dc 
+31 13210,7 +39 
-25 13025,1 -25 
+ 7,5 12743,7 +6 
+ 5,5 12249,1 +1 
-16,5 12017,9 -18 
+11 11737,3 +13 
+27 11516,5 33,5 
-29,5 11275,4 -25 
-15 11011,3 -11 
Table 7 
Frequency: 106 Hz, solenoid 653 
Magnetisation fields: 40000 Nm 
All values in microns 
Series 1 Series 2 
Comput. D D-Dc Comput. D D-Dc 
990,1 +3 990 +3 
1055,3 +37 1054,1 +38 
1177,7 +12 1176,7 +13 
1299,3 -6 1297,8 -4 
1396,6 - 6,5 1396,1 -6 
1493,3 +3 1493,4 +3 
1581,8 +15 1583,4 +13,5 
Diff. 
SI - S2 
+8,5 
0 
-1,1 
-4,6 
-1,4 
+1,8 
+6,2 
+4,1 
+3,3 
Difference 
Sl - S2 
-0,1 
+1,2 
+1 
+1,5 
+0,5 
-0,1 
-1,6 
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Concerning a moving test piece we think that there is no influence on the result of 
the measure because the flux crossing the coil will not change. We can not cenify this 
experimentaly because we have been able to do only one experiment; however the result 
is encouraging. The real diameter was 12000 Ilm, the calculated diameter was 12002 Ilm 
at rest and 12006 Ilrn when moving at a speed of around 3 meters/second. 
CONCLUSION 
The experiments have proved the validity of formula (26). For non-ferromagnetic 
materials the results are very accurate and they have a very high reproductibility. The 
same results are obtainable for the ferromagnetic materials only when the test piece is 
measured while it is placed in a very high magnetization field. 
The very high reproductibility of the measurement, the small effect of the chemical 
composition and the insensitivity to the temperature and motion of the test pieces make 
this new measuring method [2] very attractive for industrial on-line application. Further 
research is necessary to confirm the lack of influence of the motion of the test piece inside 
the coil. 
Experiments with the collaboration of some wire manufacturers are being made to 
check the feasability of the industrial application of this new method. 
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